Introduction: Type II antimonide based superlattices
The idea of type−II InAs/GaSb superlattice (T2SL) was first proposed by Sai−Halasz and Esaki in the 1970's [1] . The superlattice is formed by alternating the InAs and GaSb lay− ers over several periods. This creates a one dimensional periodic structure, like that of the periodic atomic chain in naturally occurring crystals [ Fig. 1(a) ]. The type−II broken gap alignment leads to the separation of electrons and holes into the InAs and GaSb layers, respectively. The charge transfer gives rise to a high local electric field and strong interlayer tunnelling of carriers without the requirement of an external bias or additional doping. Large period super− lattices behave like semimetals but if the superlattice period is shortened, the quantization effects are enhanced causing a transition from a semi−metal to a narrow gap semiconduc− tor. The resulting energy gaps depend upon the layer thick− nesses and interface compositions. In reciprocal k−space, the superlattice is a direct bandgap material which enables optical coupling as shown in Fig. 1(b) . T2SL has several advantages over other materials used for infrared detection and imaging technologies [2] . Com− pared to MCT and most of the small band gap semiconduc− tors that have very small electron and hole effective mas− ses, the effective mass in T2SLs is relatively large, due to its special design which involves the interaction of elec− trons and holes via tunnelling through adjacent barriers. Larger effective mass reduces the tunnelling current, which is a major contributor to the dark current of MCT detectors. Moreover, Auger recombination, which is a li− miting factor for high temperature operation of infrared detectors, can be suppressed by manipulation of the energy Opto band structures [3] . The capability of band structure engi− neering opens the horizon for exploring novel device ar− chitectures that are unthinkable using simple binary or ternary compound semiconductor band alignments like MCT. As an example, recent research has proposed a novel variant of T2SL, the M−structure SL, with large effective mass and large tunability of band edge energies [4] . The structure has been shown to efficiently reduce the dark cur− rent in photovoltaic detectors. Due to all these fundamental properties, T2SL has experienced a rapid development over the past decade [ Fig. 2(a) ] and its performance has reached a comparable level with the state of the art MCT detectors [ Fig. 2(b) ]. In this paper, first we will review the developments in band structure modeling, growth and cha− racterization of type−II material. Then we will discuss the latest efforts to raise the operating temperature of MWIR photodiodes and FPAs.
Bandstructure modelling
To calculate the band structure of type II InAs/GaSb super− lattices, an empirical tight binding model (ETBM) was developed [5] . The method has shown its great advantages with the analytical description of T2SL and the precise numerical calculations of the bandgap and other energy bands. ETBM was further developed by taking into account experimental processes during the growth such as the segre− gation and incorporation of materials which resulted in a better agreement with experiment. Fig. 3 shows a typical band structure for type−II superlattice as well as the compa− rison of the band gap predicted by theory and the experi− ment. The model provides a good agreement with expe− riment in a large range of band gaps. 
Material growth and characterizations
Optimal superlattice designs are grown using an intevac modular gen II molecular beam epitaxy system equipped with As and Sb valved cracker sources, on p−type epi−ready GaSb (001) substrates. Growths are performed mostly on quarter and whole 2" wafers for both large size detectors and focal plane array processing. The lattice mismatch to the GaSb substrate was controlled below 0.1%. High resolu− tion X−ray diffraction curve of a representative sample is shown in Fig. 4(a) . Small FWHM peaks and high ordered diffraction confirm the expected layer thickness of each in− dividual layer and the interface sharpness. The surface mor− phology of the samples is studied with atomic force micro− scope (AFM). The root mean square (RMS) roughness for typical superlattice growths has been demonstrated below 1.2 over an area of 20 μm×20 μm [ Fig. 4(b) ]. Photoluminescence ( Fig. 5 ) is routinely performed on new superlattice designs to measure the energy gap and check the material quality (via peak's FWHM and the inte− grated intensity). This technique can also be used to com− pare the effect on the material quality of different growth conditions, doping concentrations or interface sequences.
The performance of minority carrier devices, such as infrared detectors strongly depends on the residual carrier background concentration. The carrier background in the non−intentionally doped (nid) region of a p + −nid−n + diode defines the extension of the depletion width and the mino− rity carrier lifetime. Reduction of the background carrier concentration is a major task in the optimization of the growth conditions. The capacitance−voltage measurement was developed as a mean of measuring the carrier concen− tration [6] . The evolution of the carrier concentration with temperature ( Fig. 6 ) reveals important information about trap densities and their activation energies.
There are some characterization techniques that are done less routinely, but are occasionally done to improve our understanding of the fundamental properties of the material and its quality. These techniques include negative lumines− cence [7] electro luminescence [8] and transmission elec− tron microscopy (TEM). Fig. 7 shows a TEM picture of a representative type−II material. Micrographs with resolu− tions down to several angstroms exhibit good material qua− lity and confirm the agreement between intended structure proposed by the theory, and the actual device realized by epitaxial growth.
Device design
Type II InAs/GaSb superlattice devices are typically grown with an N−on−P polarity as shown in Fig. 8 photolithography techniques, and a combination of the dry etching with electron cyclotron resonance (ECR) and the wet etching under the citric acid based solution. Top and bottom contacts are deposited using an electron beam metal evaporator. Figure 8 (b) shows R 0 A vs. 1/T plot which re− veals the dominant dark current mechanisms of a MWIR detector at different temperature regimes. Near cryogenic temperature, the device impedance decreases slowly with the increase in temperature. The R 0 A vs. 1/T plot shows an Arrhenius characteristic with slope less than half of the band gap. This is due to either the generation−recombination cur− rent or the surface leakage, which is dictated by a perfor− mance discrepancy between different sized diodes. In the temperature range from 120-200 K, the R 0 A follows a li− near line with slope close to the energy gap of the material, meaning that the dark current is dominated by the diffusion regime. In order to increase the operating temperature of MWIR detectors, it is important to improve the performance of the device at this temperature range; thus, efforts must be spent on reducing the diffusion current.
The diffusion current is a fundamental mechanism in a diode structure. It is actually the combination of the physi− cal diffusion of the majority carriers due to the spatial con− centration difference of carriers and the drift of minority carriers across the junction due to the built−in electric field inside the depleted layer. In a p−n junction, the relation between the applied voltage V and the diffusion current density J diff is given by
where V B is the applied voltage bias, e is the electron charge, k is the Boltzmann constant, and T is the absolute tempera− ture. The first exponential part is the contribution of the majority carrier diffusion and the constant J 0 is the drift part. At reverse bias, the later dominates and creates a saturated overall diffusion current asymptotically approaching J 0 . This current can be calculated from 
where
and
The current density J 0 depends on the bandgap E g and the temperature T via the intrinsic carrier concentration n i , on the material quality via the diffusion length L e,h and diffusivity D e,h or diffusion lifetime t e,h and on the device design via the doping concentrations N A,D and the device thicknesses x n,p .
From (2), we can see that at a fixed temperature and for a given material, there are two ways to reduce the diffusion current: l reducing the device thicknesses x n or x p , l increasing the doping level N A,D . Both methods have been applied for LWIR type II su− perlattice detectors, and showed their effectiveness [9, 10] . However, the first method is not practical because the im− provement in the electrical performance will impair the optical performance. A thinner device means less absorp− tion length, the infrared radiation will not be absorbed and converted into electrical signal. We took the second option and applied to our MWIR devices.
However, the doping level of the active region cannot be increased infinitely. The downside of increasing the doping level is reducing the thickness of the depletion region, which results in an enhancement of the electric field and the tunnelling current. Hoffman et al. [10] have demonstrated how LWIR T2SL photodiodes move from a diffusion li− mited regime to a tunnelling limited regime as the doping of the active region is increased. The electrical performance of MWIR T2SL photodiodes with highly doped active region is also limited by tunnelling current. Therefore, any further improvement in the device performance at high tempera− tures impinges on the ability to suppress the tunnelling cur− rent. Significant improvements in the type−II MWIR photo− diodes at high temperature have been demonstrated by suppression of tunnelling and diffusion currents.
One of the advantages of T2SL is the band gap and band edge tunability. This characteristic can be utilized to design device architectures that are capable of reducing the tunnel− ling current. One option to reduce the tunnelling is to insert an undoped medium in the middle of the primary junction that is contributing to the dark current, i.e., between the p−region and the n−contact. The tunnelling has the following trend
where m is the effective mass and F(V) is the built−in electric field as a function of applied bias. An ideal barrier is one that has a large effective mass and can effectively reduce the electric field in the junction. The idea of inserting a barrier to suppress the tunnelling has already been successfully applied to LWIR T2SL photodiodes by Nguyen et al. [11] . The barrier that has been used is a variant of T2SL called M−barrier. Although using M−barrier in MWIR photodiodes follows the same logic as LWIR, the band alignment required for MWIR is quite dif− ferent, as illustrated in Fig. 9 . The M−barrier needs to have a larger band gap than the active region. On the other hand, for the photocurrent not to be blocked by the barrier, there should be no discontinuity in the conduction band while there should be a large discontinuity in the valence band to block the tunnelling current.
The empirical tight bonding model (ETBM) was used to find the exact design and the band alignments of an appropri− ate M−barrier. The best band alignment is achieved with 10 MLs of InAs, 5 MLs of AlSb sandwiched between two MLs of GaSb. The details of the band line up are shown in Fig. 10 .
Three photodiodes with different active region doping levels were grown by the method that was explained earlier. (M−region) and 0.5 μm of top n−contact (N−region). To dope p−regions, the Be cell temperature was kept at 790°C, 810°C, and 850°C, respectively. This covers more than an order of magnitude variation in the level of the doping. The p−region has the same design as the p−region except with higher dop− ing level. The N−region has the same design as M−region but it is highly n−doped. AFM and HR−XRD were used to verify the quality of each growth, which showed good quality si− milar to the ones shown in Fig. 9 . Mismatch of M−barrier is 2500 ppm which, based on our experience, is within the acceptable range (< 3000 ppm). The satellite peaks in the HR−XRD rocking curves show the thickness of 63 , 57 for each period of p and M−regions respectively, which well agrees with the 62.5 and 58 designed value at room temperature and is an indication of good calibration of the cells and control over the growth condition.
Device fabrication and characterization
Photodiodes with linear sizes varying from 100-400 μm are fabricated using standard photolithography techniques, and a combination of the dry etching with electron cyclotron resonance (ECR) and the wet etching under the citric acid based solution. Top and bottom contacts are deposited using an electron beam metal evaporator. The schematic diagram of a photodiode is shown in Fig. 13(a) . To line up the Fermi level in two structures, we needed to intentionally n−dope the M−barrier. As a result of proper bandstructure design of the M−barrier and experimental adjustment of the Fermi level, the photodiodes showed no bias dependence in their quantum efficiency. The quantum efficiency of the spectrum for one of the photodiodes is shown in Fig. 11 at different applied biases. The other two photodiodes show similar Q.E. behaviour.
J−V and RA−V of one homojunction photodiode is com− pared with three photodiodes with tunnelling barrier and with different active region doping levels. Comparison between the two photodiodes with and without the tunnel− ling barrier which have the same active region design and doping (the active region is doped with beryllium cell at temperature of 790°C), measured at 150 K with the cold shield shows that the tunnelling current has been reduced significantly. As we go into the reverse bias region, the one with M−barrier starts to deviate significantly from the homo− junction and shows much lower values of dark current and much larger values of RA product. The sudden decrease in the RA from 100 mV to 500 mV in the one with M−barrier is most probably due to the surface leakage and not tunnelling, since the value stays constant after 500 mV. As the resis− tance of the bulk material has improved significantly, it is now in comparable level with the surface resistance and the performance becomes more sensitive to the surface treat− ment. It is obvious from Fig. 12 that the electrical per− formance improves as the doping level is increased.
The summary of the performance comparison of these four samples can be seen in Table 1 . It can be seen that the values of R 0 A and dark current density have improved by more than an order of magnitude at 150 K. The BLIP tem− perature has been raised for 25°C.
The values of R 0 A as a function of temperature for all the three samples are shown in Fig. 13(a) . The improvement in the R 0 A is obvious in the whole temperature range of interest from 120 K to 230 K. At temperatures higher than 200 K the three values start to converge since the active region starts to become intrinsic and the diffusion current does not depend on the doping level anymore. At low tem− perature the dominant mechanism starts to become genera− tion−recombination or tunneling which is not a strong func− tion of the doping level, but mostly depends on the density of deep level traps inside the band gap. This causes the con− vergence of the three curves at low temperatures. Fig. 13(b) shows the specific detectivity spectrum of the sample with the highest doping and best performance at different temperatures with respect to the BLIP line.
Focal plane arrays fabrication and testing
The focal plane array fabrication involves significantly more steps compared with single element detectors process− ing (Fig. 14) . The mesas of the 320×256 array with 30 μm pitch were defined using an inductively coupled plasma etcher with dielectric mask. The mesa surface was cleaned using stripper afterwards. Metal contacts were deposited with an e−beam metal evaporation system prior to the dielectric mask deposition. The fill factor was determined under a scanning electron microscope to be 81% after the etching step. The array was then passivated with Silicon dioxide and window−opened for bump connection. Under− −bump−metal (UBM) and 3 μm thick indium bumps were deposited on the array as well as on a 9705 Indigo read out integrated circut (ROIC). The ROIC and the array were then hybridized and epoxy underfilled at room temperature. Complete substrate removal were performed with a combi− nation of mechanical lapping/polishing and chemical wet etching in order to avoid residual stress on the FPA during thermal cyclings.The FPA hybrid was finally mounted on a leadless ceramic chip carrier (LCCC) with vacuum grease and then gold wire−bonded for testing.
The highest doped design with the best performance was chosen for the realization of FPA. The polarity was flipped to comply with the requirements of the Indigo ISC9705 read out integrated system (ROIC) and 1.5 μm of InAsSb etch stop layer was grown prior to superlattice growth for sub− strate removal . The superlattice design of the active region was slightly modified in order to achieve a cut−off wave− length of 5 μm at 150 K. The active region thickness was increased to 3 μm for higher quantum efficiency. Sample images at different temperatures are shown in Fig. 15 . The human body can be imaged up to 170 K.
The values of noise equivalent temperature difference (NEDT) are shown in Fig. 16 . The minimum NEDT stays al− most constant at 11 mK with integration time of 10.02 ms up to 120 K. The stable NEDT at this temperature range sug− gests that the FPA is mainly dominated by temperature insen− sitive noise such as system noise or photon noise since dark current noise should increase exponentially with temperature. From 130 K to 150 K, the measurements are performed with an integration time of 4.02 ms to avoid the saturation of the ROIC capacitors due to higher dark current levels. The in− crease in NEDT from 130 K to 150 K is due to the increase in the noise and its evolution with temperature suggests that it might be related to the increase in the dark current. However, the measurement of dark current and noise at this temperature range shows that the noise level is well above the shot noise caused by the dark current. Further improvement in the imag− ing quality at high temperatures requires a better understand− ing of noise mechanisms in T2SL and the ROIC as well as their evolution with temperature. Fig. 13 . R 0 A of three samples with three different levels of doping in the active region as a function of temperature (a) and specific detectivity spectrum of the sample with the highest doping as at dif− ferent temperatures (b). It crosses the BLIP line at 180 K.
Conclusions
In summary, a tunnelling barrier was designed and inserted to the junction of MWIR T2SL photodiodes. Suppression of the tunnelling allowed us to increase the doping level of the active region to very high levels to suppress the diffusion current. The electrical performance of the detectors was improved by a factor of 4 just by increasing the doping level while more than an order of magnitude improvement was observed with the combination of the barrier and the doping level. FPA was fabricated using the same design and NEDTs of 11 mK and 150 mK, respectively, at 120 K and 150 K were achieved.
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